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Myogenesis is tightly governed by the basic helix-loop-helix MyoD family members (MyoD, myogenic factor-5, myogenin, and myogenic regulatory factor-4), all of which are transcription factors that act in concert with the myocyte enhancer factor-2 proteins (reviewed in Ref. 20) . MyoD and myogenin are sequentially expressed only in activated satellite cells (6, 35) . The paired-box transcription factor Pax7 is selectively expressed in quiescent and proliferating satellite cells and is considered to play a role in their self-renewal (22, 30, 38) . Recent reports have suggested Pax7 as an early marker of myogenesis during posthatch muscle growth, the expression of which is maintained by satellite cells in adult chicken muscle (3, 11) .
Several growth factors and hormones have been reported to affect satellite cell proliferation and differentiation: one is insulin-like growth factor I (IGF-I). The muscle-secreted IGF-I isoform has been shown to stimulate proliferation as well as differentiation of satellite cells and increase myofiber hypertrophy (1, 2, 23) . Recently, Halevy and colleagues (10) have demonstrated elevated levels of IGF-I in the muscle in response to mild heat stress for 24 h at 3 days posthatch, resulting in enhanced muscle cell proliferation and differentiation and subsequent muscle growth in broilers. Thermal manipulation (TM) of chick embryos at critical phases of functional system development has been conducted as a way of improving long-term functions, such as thermoregulation (24, 25, 36, 37) or neuronal hypothalamic sensitivity (33) . These TMs caused a significant decline in plasma thyroid hormone concentration (25, 37) . TM on various embryonic days or at various temperatures revealed that late-term embryonic treatments have the greatest effect on muscle growth. TM on E16 to E18, the period of satellite cell population expansion (14) , for 3 h at 38.5°C (13) or 39.5°C (5), increased absolute pectoralis muscle weight in broilers at 42 days of age relative to controls, whereas TM between E8 and E10 had no effect.
The present study was aimed at understanding in detail the mechanisms underlying the enhanced muscle growth following TM of chick embryos. The study shows that the enhanced muscle growth following late-term embryonic TM is due to immediate, as well as long-lasting, effects on myogenic cell proliferation and differentiation and subsequent hypertrophy. Yet the differential effect of the treatments on cell proliferation vs. hypertrophy improvement suggests a high sensitivity of myoblasts to relatively small changes in heat duration with respect to these processes, which are manifested in both the short and long term.
MATERIALS AND METHODS
Experimental procedures. Fertile Cobb strain broiler eggs (n ϭ 540) were purchased from a local hatchery (Braun, Israel). The eggs were arranged in homologous locations in two incubators. The incubators (Masalles, Spain, Type 65Hs) were identical and automatic. Incubation conditions from day 0 until hatch were 37.8°C and 56% relative humidity (RH) for the control group (4) . Eggs in the incubators were turned through 270°every hour. On E10, infertile eggs and those with dead embryos were removed after candling (Ͻ5%). Thermal treatments of the eggs from E16 to E18 involved an increase in temperature to 39.5°C and in RH to 65% for 3 h (0900 -1200; termed 3H) or 6 h (900 -1500; termed 6H) per day. Ten eggs from each treatment were taken daily from each group for analyses. On E19, the eggs were transferred to hatching trays located in each incubator. The hatching chicks were monitored for time of hatch (hatchability was Ͼ95% in all groups). Each chick was weighed, sexed, and tagged. Male chicks were placed in cages (3 chicks per cage, per treatment) that measured 40 ϫ 28 ϫ 45 cm (length, width, and height, respectively), with a 2-cm wire mesh floor. The cages were situated in three computer-controlled environmental rooms that maintained a constant temperature with an accuracy of Ϯ1.0°C, RH at Ϯ2.5%, air velocity at Ϯ0.25 m/s, and under continuous fluorescent illumination (10, 11, 25) . Chicks from each group were distributed equally in the cages in the rooms (n ϭ 120). Chicks were raised under standard conditions up to day 21, after which chicks were placed individually in cages (25) . Water and feed in mesh form were supplied ad libitum. All of the experiments and procedures were carried under the approval of the Animal Welfare Committee of the Faculty of Agriculture, Food and Environmental Quality Sciences at the Hebrew University of Jerusalem, and the Israeli Ethic Committee.
Cell cultures. Skeletal muscle cells were cultured from the pectoralis muscle (major and minor) of experimental embryos during the TM or from male chicks, hatched in the same time window, at various ages, as previously described (9, 12) . Cells were counted using a hemocytometer, and plated at 5 ϫ 10 4 cells/cm 2 on gelatin-coated dishes. The media used was MEM with 10% (vol/vol) horse serum and 3% (vol/vol) chicken embryo extract (CEE, Gibco, Paisley, UK) for cells derived from embryos, or 10% horse serum-containing DMEM for cells derived from posthatch chicks. Cells were maintained at 37°C in a humidified atmosphere containing 95% air and 5% CO2. On all days, cell cultures were prepared from either 1.5 or 6 g of muscle (for embryos and posthatch, respectively) sampled from a pool of chopped muscle from 10 embryos or chicks (12) . An enriched population of myogenic cells was recovered, with Ͻ5% of these cells being nonmyogenic. The coefficient of variation of cell preparations was ϳ5% (9, 12) .
Thymidine incorporation. Cells were cultured in 24-well plates for 17 h, and [
3 H]thymidine (Amersham, Uppsala, Sweden) was added (2 Ci/well) for an additional 2 h (9, 10). The cells were then detached with 0.25% (wt/vol) trypsin-EDTA and precipitated with 10% (wt/ vol) trichloroacetic acid. Radioactivity in the dissolved precipitates was counted in Ultima Gold scintillation fluid (Packard, Downers Grove, IL) using a Tri-Carb 1600CA scintillation counter (Packard).
Muscle sampling and myofiber diameter analysis. Muscle samples, collected from chicks hatched in the same time window, were excised from the superficial regions of the proximal one-half of the left pectoralis major of each chick (ϳ0.5 ϫ 0.5 ϫ 1.2 cm in size). The long axis of each sample was parallel to the direction of the muscle fibers.
Myofiber diameter was determined by analyzing the lesser myofiber diameter values (7), as described (11) . Briefly, muscle samples were fixed in 4% paraformaldehyde and embedded in paraffin, and muscle sections (5 m) were cut. Sections were stained with hematoxylin-eosin, and at least 10 arbitrary fields in two to three serial sections of each muscle sample were photographed. In each muscle sample, the lesser fiber diameter was measured for individual myofibers with CELL B software (Olympus, Hamburg, Germany). Since there were no statistically significant differences among chicks, all data for the same treatment were pooled for further analysis.
PCNA analysis. Muscle sections were immunostained with an antibody against PCNA (a marker for dividing cells), using a commercial kit from Zymed (San Francisco, CA), followed by counterstaining with hematoxylin. Five chicks were analyzed per group; five sections were studied per chick, by monitoring five random fields per section. Analysis of positive cells was based on digitized images (12) . Only nuclei within the myofiber perimeter were included in this analysis; regions rich with connective tissue were not included.
RNA preparation and RT-PCR. Total RNA was prepared using TRIzol Reagent (Invitrogen, Carlsbad, CA). Total RNA (1 g) was reverse transcribed into cDNA using random primers and SuperScript reverse transcriptase (Invitrogen). PCR was then performed using Taq DNA polymerase (Fermentas, Glen Burnie, MD) for the following primers: GAPDH (F) 5Ј-AGTCATCCCTGAGCTGAATG-3Ј, GAPDH (R) 5Ј-AGGATCAAGTCCACAACACG-3Ј (330 bp), IGF-I (F)-5Ј-GTATGTGGAGACAGA GGCTTC-3Ј, IGF-I (R)-5Ј-TTTG-GCATATCAGTGTGGCGC-3Ј (200 bp). Thirty-five cycles (IGF-I) or 20 cycles (GAPDH) of amplification were performed, each consisting of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, followed by a final 10-min extension at 72°C. GAPDH was used as an internal control to normalize the sample mRNA amounts. PCR products were separated by electrophoresis, and bands were visualized by a digital camera (UVItec, Cambridge UK).
Western blot analysis. Muscle samples were collected from the right half of the pectoralis muscle used in the immunohistochemical analysis and immediately frozen in liquid nitrogen. Samples were homogenized with a Kinematica homogenizer (Lucerne, Switzerland) for 30 s on ice in lysis buffer. All extracts were sonicated and normalized for protein content (BCA kit, Pierce, Rockford, IL). Equal amounts of protein from muscle extracts were separated by SDS-PAGE and transferred to nitrocellulose filters (Bio-Rad Laboratories, Hercules, CA). Membranes were incubated overnight at 4°C with the appropriate antibodies and then washed and incubated for 1 h with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG (Zymed). The primary antibodies were as follows: myogenin (rabbit polyclonal, a kind gift from B. Paterson, National Institutes of Health, Bethesda, MD), IGF-I (mouse monoclonal; Upstate Biotechnology, Lake Placid, NY), and Pax7 (mouse monoclonal) from Hybridoma Bank (University of Iowa, Iowa City, IA). Densitometric analysis was performed on bands using National Institutes of Health software. Band intensity in each lane was normalized to the level of ␣-tubulin as an internal standard (12) .
Statistical analysis. The data were subjected to one-way ANOVA and to the all-pairs Tukey-Kramer-honestly significant difference test by means of the JMP software (28) .
RESULTS
Embryonic TM increases myofiber diameter in posthatch chicks. TM was conducted on E16 to E18 at 39.5°C for 3 or 6 h daily (groups 3H and 6H, respectively); controls were kept continuously at 37.8°C. Body weight (BW) was higher in the 3H and 6H groups than in the controls from day 9 onward (data not shown). At 25 and 35 days of age, BW (Fig. 1A) and absolute pectoralis muscle growth, presented as percentage of BW (Fig. 1B) , were higher in both the 3H and 6H groups compared with controls (P Ͻ 0.05). No significant differences were observed between the treatment groups.
The higher muscle weight raised the possibility that TM might be affecting muscle hypertrophy. To test this, lesser diameter analyses were performed on samples derived from pectoralis muscles of the experimental chicks at various days of age (Fig. 2 ). An analysis of myofiber distribution demon-strated that the total range of myofiber diameter values was similar within the experimental groups (between 0 and 45 m, 0 and 50 m, and 0 and 60 m on days 9, 13, and 25, respectively, and between 0 and 100 m on day 35 of age), displaying typical Gaussian curves, which were sharper on days 9 and 13 and became flatter as time went on. A shift in the curve peak toward the higher diameter bins was observed in the 3H and 6H groups from day 13 onward; the percentage of myofibers with higher diameter values was higher in these groups than in controls (75 and 71% vs. 43% within the diameter range of 25-45 m on day 13, 46 and 47% vs. 20% within the diameter range of 35-60 m on day 25, and 6.3 and 5.5% vs. 4.4% within the diameter range of 70 -100 m on day 35 in the 3H, 6H, and control groups, respectively). The shift in the curves was reflected in the mean myofiber diameter, which was significantly higher in the treated groups than in controls on days 13, 25, and 35 of age (Table 1 ; P Ͻ 0.05). No significant differences were observed within the TM groups.
TM at 39.5°C promotes proliferative activity and number of muscle cells in embryonic and posthatch chicks. The higher muscle hypertrophy noted in the TM groups until day 35 of age suggested an enhancement in muscle cell proliferation and an increase in the myogenic cell pool in the early growth phase. To evaluate myoblast proliferation, we used the thymidine incorporation assay, which has previously been reported to reflect in vivo proliferative activity in these cells (9, 10, 12) . The effect of the TM was immediate: thymidine incorporation was already significantly higher in the 3H and 6H groups relative to the control on E17, 1 day into the TM, and on E18 (Fig. 3A, left ; P Ͻ 0.05). This was reflected in the number of myoblasts (Fig. 3B, left) . It was only on E19 that the differences between the groups became insignificant, with respect to both thymidine incorporation and cell numbers. However, the promotive effect of the TM on thymidine incorporation was Values are means Ϯ SE of myofibers derived from 5-7 chickens per day. 3H and 6H, groups receiving thermal manipulation for 3 and 6 h daily, respectively. * †Values with different symbols differ significantly within the same age (P Ͻ 0.05). evident again in the 3H and 6H groups on the 3rd day posthatch (Fig. 3A, left) . As expected, thymidine incorporation and cell numbers declined considerably from day 6 onward, as cells underwent terminal differentiation (10, 11, 13) . Nevertheless, these parameters remained higher, even at 2 wk of age, in the TM groups compared with controls, and, for thymidine incorporation, the levels in the 6H group were significantly higher than those in the 3H group (Fig. 3, A and B, right; P Ͻ 0.05). The promotive effect of the embryonic TM on myoblast proliferation was seen in vivo by PCNA analysis. The number of cells expressing PCNA, a marker for cycling cells, was more than twofold higher in the 3H and 6H groups (31.9 Ϯ 3.9 and 32.2 Ϯ 3.8%, respectively) than in the control cells, where only 14 Ϯ 1.8% of the total myonuclei expressed PCNA ( Fig. 4 ; P Ͻ 0.05).
Myogenic factors and IGF-I are affected by embryonic TM. The increase in the myogenic pool due to TM suggested alteration in the expression levels of Pax7, which has been shown to mark proliferating chicken satellite cells (3, 11, 12) . Protein expression levels in muscle cell cultures or in muscle samples derived from the experimental groups on late embryonic days and posthatch were evaluated by Western blot analysis followed by densitometry. In view of the large number of samples per time point and the multiple in vivo repeats, samples harvested at the same time were analyzed in parallel on the same blot for each day, and results are expressed as fold induction relative to the control group. In the muscle tissue, Pax7 protein levels were higher in the 3H and 6H groups than in the control group from as early as E17 onward (Fig. 5) , reaching a threefold and nearly sevenfold difference on day 13 in the 3H and 6H groups, respectively (P Ͻ 0.05). A similar trend in Pax7 expression was observed in muscle cells derived from these groups (data not shown), confirming that the kinetics of these cells reflect that of the satellite cells in vivo.
The differentiation state of the myoblasts was evaluated by quantifying the protein levels of myogenin, a marker for differentiating muscle cells, in muscle samples. The TM for 3 h significantly increased myogenin levels in the 3H group relative to controls on E17 and E19 and from day 6 posthatch; the highest increase was observed on day 13 ( Fig. 6A ; P Ͻ 0.05). The myogenin level profile in the 6H group varied somewhat from that in the 3H group; it was higher than the control on E17 and highest on days 6 and 9 posthatch.
Locally expressed IGF-I has been shown by us and others to be a prime candidate for inducing myoblast activity following muscle stress (1, 10, 13) . Here, compared with controls, IGF-I protein levels were higher in the 3H group mainly at earlier time points, increasing until day 3 posthatch ( Fig. 6B ; P Ͻ 0.05). IGF-I levels tended to be even higher in the 6H group, Figure 6C demonstrates that IGF-I mRNA is expressed in myoblasts derived from pectoralis muscles of controls and TM groups on pre-and posthatch days.
DISCUSSION
The present study examined in detail the cellular and molecular events associated with the effect of embryonic TM on muscle growth in chicken. The results of this study suggest that short periods of heat exposure at 39.5°C, during late-term chick embryogenesis, have immediate and posthatch stimulatory effects on the proliferation and differentiation of myogenic cells, as manifested by increased myofiber hypertrophy and muscle growth in chickens at later ages. Moreover, together with previous studies (13), the results presented here demonstrate the dependency of these processes on incubation temperature and duration of the manipulation.
TM from E16 to E18 induced muscle cell proliferation and cell numbers, as evidenced by thymidine incorporation into the DNA of muscle cells derived from pectoralis muscles. Moreover, the TM's effect on muscle cell proliferation was notable up to nearly 2 wk posthatch, a time at which this activity is normally markedly reduced in broilers as cells undergo terminal differentiation (10, 11) . Indeed, a higher population of PCNA-expressing cells, within the perimeter of the myofibers, was detected in cross sections of muscles derived from the 3H and 6H vs. control groups on day 9 posthatch. Moreover, Pax7 levels were higher in muscle cells and tissue derived from the TM groups compared with the control group. Pax7 is known to be expressed in all satellite cells in adults (30, 38) and has been reported as a marker for the proliferative capacity of satellite cells in turkey poults and broilers (12, 13, 19) . Together, these results suggest that TM between E16 and E18 promotes a higher reservoir of myogenic progeny cells, which can mainly be attributed to the satellite cell population (14) .
TM for 3 and 6 h also enhanced cell differentiation (e.g., myogenin expression levels in the muscle). Our laboratory has previously shown that, during muscle development in pre-and posthatch chickens, there are situations in which at least two different cell populations exist simultaneously: one that is still proliferating, and one that is undergoing differentiation (12) . A similar phenomenon was observed in the present study. First, on almost all days examined, a similar pattern of TM-induced cell proliferation and myogenin expression was observed (Figs.  3 and 6) . Second, the temporal protein expression was similar within the experimental groups (data not shown), suggesting that TM under these conditions probably does not accelerate differentiation, but more likely enhances the number of cells available for proliferation and subsequently for differentiation and hypertrophy. This is emphasized by the finding that, on day 13, while some myoblasts were still proliferating in the TM groups, muscle hypertrophy was greater than in controls, as reflected by the higher average diameter and increased number of myofibers in the higher diameter bins. Taken together, we conclude that TM of late-term chick embryos promotes a higher reservoir of myogenic progeny that are produced for a longer time posthatch (i.e., up to 2 wk of age). The effect of TM in extending the period for reservoir formation is potentially long lasting, as it contributes additional nuclei to the myofibers, which will result in increased hypertrophy later on (29) ; indeed, increased hypertrophy and higher muscle weight were observed until day 35 in the TM groups.
Interestingly, the enhanced hypertrophy in the heat-treated chicks was similar, regardless of the length of the TM. Nevertheless, the more robust cell proliferation and Pax7 levels in the muscles of the 6H group, mainly posthatch, imply a greater reservoir of myogenic cells in this group. Together, these findings suggest a differential effect of various periods of TM on cell reservoir enhancement vs. hypertrophy improvement, which implies a high sensitivity of myoblasts to relatively small changes in heat duration manifested in both the short and long term. This phenomenon is also true for other experiments with temperature changes, such as elevating the TM by only 0.7°C (i.e., 38.5°C; Ref. 13 ), but not raising it to 41°C (unpublished data), on the same embryonic days, suggesting that the inductive effect of TM on muscle cell proliferation is limited to a narrow range of temperatures. We postulate that the longer lasting stimulatory effect on myoblast proliferation (up to 2 wk of age) is specific to TMs in the chick embryo (Figs. 3 and 4) , because other in ovo environmental manipulations, such as illumination with green light, while having a promotive effect on muscle growth, have no effect on cell proliferation dynamics (12, 27) .
It is conceivable that the increase in temperature has a direct effect on myoblast proliferation. Indeed, incubation of primary myoblasts derived from E17 embryos at 39.5°C for 3 or 6 h increased cell proliferation, whereas this effect was completely abolished at 40.5°C (data not shown). However, it is even more likely that TM at 39.5°C has a prominent effect on systemically or locally induced factors associated with muscle cell proliferation and muscle hypertrophy, one of which is IGF-I (1, 23, 26) . The observed immediate stimulation in IGF-I expression in the muscle in response to TM, which persisted until at least day 13, alongside the finding that the TM stimulates IGF-I gene expression in muscle cells derived from the TM groups, support this notion. Moreover, our laboratory has previously reported that the stimulatory effect of subjecting chicks to mild heat exposure on day 3 posthatch (10) or to TM at 38.5°C on E16 to E18 (13) on muscle IGF-I expression (but not on that of other mitogens, such as hepatocyte growth factor or basic fibroblast growth factor) is correlated with myoblast proliferation and muscle growth. IGF-I stimulation has been reported in cases of muscle stress, such as stretch and overload (8) . Therefore, it may well be that the heat-mediated increase in IGF-I is a stress response, which is regulated by the conditions of the heat manipulation (e.g., duration or temperature). Interestingly, the increase in IGF-I by TM was still evident 2 wk posthatch. This raises the possibility that TM during critical phases of satellite cell myogenic activity [i.e., in late-term embryos (14) and very early days posthatch (11, 13) ] induces genomic modifications. Studies on long-term thermal adaptation achieved by TM in chick embryos have shown changes in brain-derived neurotrophic factor (16) and R-Ras3 gene regulation (17) , suggesting that this long-term adaptation occurs via epigenetic adaptation processes (32) .
It is worth noting that the immediate differences in cell proliferation and myogenic factor expression observed in the TM vs. control chicks disappeared toward hatch and reappeared from day 3 onward. We do not yet have a definitive explanation for this phenomenon. One possibility may lie in Fig. 6 . Densitometric analysis of myogenin (A) and IGF-I (B) expression relative to ␣-tubulin protein levels in pectoralis muscle samples derived from control and TM (3H, 6H) embryos and chicks at various days of age. Sample collection and Western blot analysis were performed as described in Fig. 5 legend. Results are means Ϯ SE and presented as fold induction of control (n ϭ 4). a,b Data with different letters differ significantly within the same age (P Ͻ 0.05). C: RT-PCR analysis for IGF-I mRNA expression levels in myoblasts derived from pectoralis muscle of the experimental chicks on E17 and day 3 posthatch. Equal samples were analyzed and electrophoresed as demonstrated by GAPDH mRNA levels. the fact that, overall, the relatively low thymidine incorporation and cell numbers on E19 are associated with the depletion of energetic sources, such as muscle glycogen, toward hatch (34) . Another explanation may lie in the TM regime itself, which included repeated heat treatments for 3 days. It may well be that, in parallel to the increase in cell reservoir on E17 and E18, some genomic changes requiring DNA repair occurred in response to the multiple TM, as reflected in the immediate cell cycle arrest observed on E19 and the difference in thymidine incorporation, but not in cell number, that was still observable on day 3 posthatch. Yet the higher Pax7 levels in the TM groups noted on day 3 imply true cell proliferation (11, 38) followed by higher cell numbers on day 6. We believe that the resumption in cell proliferation and differentiation is due to muscle IGF-I protein levels that remain higher in the TM groups throughout the early days posthatch and continue to be synthesized at both the transcriptional and posttranscriptional levels (Fig. 6, B and C) .
In view of our findings, we propose that heat manipulations at critical phases of muscle development in the late-term chick embryo have a stimulatory effect on cell proliferation during both late embryogenesis and the posthatch period, creating a higher reservoir of myogenic progeny with a potential for enhanced muscle growth. These findings emphasize the importance of various incubation temperatures and manipulation durations in the fine-tuning of muscle development and growth processes during late-term embryogenesis and in posthatch chickens.
